The residence time distribution in liquid phase was measured in a cocurrent upflow packed bed reactor for the system methanol-hydrogen at low Reynolds numbers and at elevated pressure. The plug flow with axial dispersion model was used to describe mixing in the system. The imperfect pulse method was used to measure the system response to a tracer pulse input. The parameters were calculated using the weighted moments method. The influence of the weighting factor was investigated. The experimental and theoretical outputs, as calculated by convolution, agreed very well. Different types of correlations were used for the Bodenstein number and liquid hold-up. From these correlations, the optimal one was selected for each parameter. A comparison was made between the ordinary moments and the weighted moments methods which led to the conclusion that the latter method is superior with respect to the accuracy of the estimated parameters and therefore strongly recommended.
Introduction
In our laboratory, we investigate hydrogenation reactions of chemicals dissolved in methanol in a cocurrent upflow packed bed reactor at elevated pressure. It is the purpose of this paper to present data and correlations for the hold-up and mixing in such a reactor. In view of the required long residence times for the liquid phase, gas and liquid loads are relatively low. Several correlations have been presented in literature for the prediction of hold-up and mixing in cocurrent upflow packed bed reactors as functions of flow conditions. Excellent reviews were given by Shah [ I ] and Hoffmann [ 2 ] . A summary of correlations presented for the hold-up is given in Table 1 and for the Bodenstein number in Table 2 .
Most of these correlations were derived at atmospheric pressure, for the system air/water and at moderate to large liquid-and gas-phase Reynolds numbers. The correlations are based on superficial velocities, Reynolds numbers or mass fluxes and differ distinctly in the way they correlate the hold-up or mixing as functions of flow conditions.
In the correlations for E~, the exponent on U, varies from 0 to 0.2 and that on U, from -0.2 to + 0.3. For the Bodenstein number, we find that the exponent on U, ranges between +0. 25 and +0.96 and that on U, between -0.48 and -0. 16 . In our opinion, such a large variation of the exponents indicates that the studied phenomena cannot be adequately correlated simply by a product of certain powers of dimensionless groups.
The Plug Flow with Axial Dispersion Model
The plug flow with axial dispersion model (PD-Model) was used to describe mixing in our system. This model essentially The PD-Model characterizes mixing by only one parameter and is therefore the simplest differential model, which accounts for its wide use. Depending on the boundary conditions (open or closed system boundaries), different solutions are obtained for Eq.
(1).
The Boundary Problem
The solution of Eq. (I) depends on the applied boundary conditions. The correct form of the boundary conditions is governed by the conditions in the inlet and outlet of the system under investigation. Two types of boundaries can be distinguished, i.e. open and closed. A closed boundary implies that a molecule can pass the boundary only in one direction. Thus, a tracer molecule can enter the system only through the entrance boundary and can leave the system only through the exit boundary. An open boundary, on the other hand, allows the molecules to pass the boundary several times in opposite directions, thus enabling them to spend some time outside the system. The measured residence time is then a function of the total time, i.e. spent both inside and outside the system. These excursions outside the system complicate the situation because a detection device can 1) List of symbols at the end of the paper.
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response is measured at two locations in the system. The response curve at the first upstream detection point is taken as the imperfect pulse input for the system. The parameters can be calculated using the difference between the moments of both response curves.
The Imperfect Pulse Method
The kth moment of a distribution is defined as:
The imperfect pulse method was used to measure the system m response to a tracer pulse input. According to this method, this Mk = 1 C(t)tk dt .
0
Frequently, central moments, i.e. those around the mean, are used. These are defined as:
The weighted moments are defined as:
The introduction of e -'' into the definition of weighted moment means in fact that we apply a Laplace transformation to the concentration distribution C(t). Wo is the Laplace transform of C(t).
in which i = M,. The second central moment M,*is known as the variance of the distribution and can be used to calculate the dispersion coefficient.
By transforming the concentration distributions from the time to the Laplace domain, they can be easily related to the Laplace transform of the system transfer function through the convolution theorem: the output response can be calculated by convolution of the input response and the system transfer function:
For a system with open boundaries, the parameters for the PDModel can be calculated from: and (7)
in which the first subscript of the moment indicates its order. The advantage of the imperfect pulse method is that the end effects are eliminated and that the actual bed response is measured, provided that neither injection nor detection devices introduce disturbances into the flow pattern. Especially in three phase reactors, which often possess a mixing chamber at the inlet and a separator at the outlet, this is a considerable advantage.
where t* is the variable in the integration. The Laplace transform of both sides yields on rearrangement:
Neglecting end effects, the transfer function for the PD-Model is: One of the difficulties encountered when using the method of moments is the phenomenon known as tailing: a weak signal continues for a very long time after the main part has passed the detection device. Tailing causes the higher moments to be unreliable; actually when tailing is observed one should already be very careful even when using the second moment. The reason is that, in the tail of the distribution, the measured values of tracer concentration are very small and, therefore, the relative errors at these points are large. For the kth moment, the measured concentration is multiplied by tk which, at long times, becomes very large. This causes the higher moments to be unreliable, tk is in fact a weighting function by which all data points are multiplied. As follows from the already given explication, a better weighting can be achieved when the weighting function decreases with time. Such a weighting function is e -"t"; moments using this function are called weighted moments.
The Laplace transform of the transfer function is:
Because the PD-Model contains two parameters, two relationships between the transfer function and the response curves are necessary. These relationships were derived by Michelsen and Ostergaard [lo] :
The Weighted Moments Method
The use of weighted moments for the analysis of residence time distribution data was first suggested by 0stergaard and Michelsen [8] . Since then, several publications have followed concerning the mathematical background and application of this method to several mixing models, e.g. those of Midoux and Charpentier [9] , Michelsen and 0stergaard [lo] where With the introduction of e -" into the definition of the moments, the Laplace parameter s was introduced as a new variable.
As follows from Eq. (lo), the value of the Laplace transform of the transfer function is determined by the dimensionless Peclet number and the dimensionless product sr. A suitable value for s7 has to be chosen. ST exerts a large influence on the values of the estimated parameters and thus on the correctness of the estimate, as will be shown in a later section.
Experimental Set-up and Procedure
The experimental set-up is shown schematically in Fig. 1 . The liquid feed is pumped into the reactor by a piston pump. The maximum flow rate which can be achieved is 30 mlimin. Hydrogen is fed into the reactor cocurrently. The hydrogen flow is controlled by a mass-flow controller. The upstream pressure is kept constant at 1.4 MPa. The maximum gas flow rate is 5500 ml hydrogen/min. System pressure was varied between 0.2 and 1.2 MPa.
Gas and liquid are separated at the top of the bed. The liquid is collected in a buffer vessel. The gas leaves the system through a back-pressure controller, which is used to control the pressure in the reactor. The entire experiment is carried out automatically and controlled by a microcomputer except for the start-up and tracer injection. After each experiment, the measured data are stored on disk for further analysis. With this automation, 300 to 650 data points can be taken per curve.
Before the start of an experiment, the baselines are measured and checked for drift. The experiment is ended when the measured response in the second cell, i.e. the measured signal minus the baseline correction, is less then 1 '% of the maximum response for 10 consecutive data points. Each datum point is itself an average of five readings taken at 0.1 s intervals to com- Chem. Eng pensate for small variations in the measured conductivity values caused by gas flow fluctuations.
Influence of the Weighting Factor
Before further analysis, the data were normalized. Since the experimental curves were already quite smooth, no further smoothing was necessary.
In order to calculate the parameters Pe and T according to Eq.
(1 l), a value for s has to be chosen. Hopkins et al.
[14] showed that not s but the dimensionless product of s and T determines the correct choice of s. They also showed that if S T is too small the effect of tailing is not completely eliminated because e -sf does not decrease fast enough. On the other hand, if S T is too large, tailing is completely eliminated but, at the same time, too much weight is given to the early values of the curves which are also small and therefore contain a large relative error. An optimum value for ST must therefore exist. The optimum weighting factor depends on the shape of the response curves. The influence of s was determined experimentally. First, T was estimated from the difference between the first moments of output and input. With this estimate, r* values for s were chosen so that ST* was varied in small steps of between 0.2 and 8.0. For each value of s, the parameters Pe and T were calculated. With these parameters, the theoretical output response curve was calculated by convolution of the input response curve and the transfer function. Then, the difference area between the theoretical and experimental output response curves defined by:
was calculated. In Fig. 4a T ( S T ) , Pe(sr) and AA(sT) are plotted for one of the experiments. It is clear that there is an optimum value of sr for which AA has a minimum value. The same plots were obtained for many experiments and they all showed a rather strong dependence of AA on S T . A clear minimum, such as in Fig. 4a , was not always found. Occasionally, the minimum was very flat or there were two minima separated by a local maximum (Fig. 4b) . A minimum for AA was always obtained, but turning points for Pe(sr) and r(sr) were not always found. It can be proven that the sign of dPelds is always opposite to that of ddds. It can also be proven that if r(s) has an extreme for a value of s, then Pe and AA also have extremes for the same value of s. However, for AA this point may be a minimum (Fig. 4a ) as well as a (local) maximum as in Fig. 4b . It is therefnre nnt nnccihlp tn find the minimiim nf A A 2nd thiic the optimum weighting factor, by finding the extremes of T ( S ) or Pe(s) .
The optimum value for ST varied between 0.5 and 2.5. As seen from Fig. 4a , an incorrect choice of S T can have a dramatic effect on the accuracy of the calculated parameters. Therefore, it was necessary to calculate the optimum ST for each experiment separately.
Parameter Evaluation
In view of the results discussed in the previous paragraph, the following procedure was adopted for the evaluation of the parameters:
-A value for s was estimated using an equation of Anderssen and White
in which k,, is the average order of the moments used to estimate the parameters and AtD the time delay between the input and output signals. Pe deqlL and depends on the equivalent packing diameter and not on reactor length. The equivalent spherical diameter is used as the characteristic packing diameter which, for a cylinder with the same external surface as a sphere with diameter deq, is given by the equation:
The ratio Lld,, is equal to 83.5 for the distance between the detection probes and our packing. In this paper, the hold-up E is defined as the fraction of the reactor volume occupied by a phase, thus E~ + E, + E~ = 1.
Zero Gas Flow Rate
Two experiments were conducted with no gas flowing through the reactor. Typical response curves are shown in Fig. 5 . 
Threephase Operation
Approximately 100 experiments were carried out with gas and liquid flowing through the reactor simultaneously. Gas and liquid flow rate and reactor pressure were varied. Typical response curves are shown in Fig. 6 . Table 4 gives a complete list of experimental conditions and calculated results.
In Fig. 7a , the calculated Bodenstein number is plotted as a function of the gas phase Reynolds number and, in Fig. 7b , as a function of superficial gas velocity at reactor pressure. In both diagrams, parameter is the liquid feed rate. It follows from Fig. 7a that there is practically no correlation between Bo and Re,; the only conclusion which can be drawn from this diagram is that Bo increases when liquid feed rate increases. The influence of superficial gas velocity at reactor conditions as given in Fig. 7b is much more pronounced; Bo decreases with increasing gas velocity.
In Fig. 8a , the liquid phase hold-up is plotted as a function of the gas phase Reynolds number and, in Fig. 8b , as a function of the superficial gas velocity at reactor conditions. Again, there is no apparent correlation between E~ and Re, but the influence of the gas velocity is clear: the liquid hold-up decreases with increasing gas velocity.
Accuracy of the Calculated Parameters
The accuracy of the calculated parameters is described by the difference area as defined in Eq. (13). One should bear in mind that the area under both the experimental and the theoretical output response curve is equal to 1. The average value of the difference area is 0.024 with a standard deviation of 0.008. This value compares very favourably with the values found by Kan and Greenfield [I71 for their three parameter model. They found an average value for AA of approximately 0.10.
Our very low AA values lead to the conclusion that the plug flow with axial dispersion model describes mixing in our system adequately. Therefore, it is not necessary to use a model with more parameters. 
Comparison Between the Use of Weigthed and Normal Moments
The method of weighted moments which we use to calculate the parameters requires a vast computational effort. To verify whether this effort is worthwhile, our results should be compared to those obtained by the method of ordinary moments. Table 5 presents such a comparison between the ordinary moments method (OMM) as described by Eqs (4) and (5) and the weighted moments method (WMM) as modified by us. It is clear from this table that the estimation of the parameters with the WMM is up to 5 times more accurate. With the OMM, the average residence time can be estimated with reasonable accuracy; however, the estimated Peclet number is far from accurate. We believe that this is caused by the observed tailing in the response curves. Especially for reactor calculations involving more complex reaction schemes, the difference between a Peclet number of, for example, 2 and 3 can be very significant. 
Correlation and Discussion
Different correlations with either Reynolds numbers or superficial velocities at reactor conditions and based on the empty column diameter were tested to correlate the calculated parameters. Of these parameters only the superficial gas velocity at constant mass flow rate is influenced by reactor pressure.
I Axial Dispersion
The different types of correlations tested for Bo are given in Table 6 . In these correlations, X is the parameter for the liquid phase (Re, or ULs) and Y the parameter for the gas phase (ReG or UGs). The constant 0.5 follows from the consideration that, at low Reynolds numbers, Bo = 0.5 for packed beds and liquid flow only.
For every correlation, the parameters resulting in the best fit for Bo were calculated by means of a non-linear least squares procedure based on the Marquardt's method. This resulted in 34 different equations for Bo. From these, the best correlation had to be selected. As a first selection criterion, the standard error as defined by the following equation was used:
standard error = (16) in which SSR is the sum of squared residuals. Table 7 lists the best correlations, arranged in the order of increasing standard errors. It is clear from this table that correlations based on superficial velocity at reactor conditions give the best results. The last 5 columns give the values and the 95% confidence interval for the calculated parameters. The confidence interval is expressed as the percentage of the absolute value of the parameter. Correlations for which one or more confidence intervals are larger than 100% are unsatisfactory because the parameter(s) involved are not distinctly positive or negative; these correlations were not included in Table 7 . For several correlations, the calculation of the parameters did not converge. Such correlations were also excluded from the selection.
Because we did not vary the viscosity of the gas phase (gas viscosity is practically constant at the relatively low pressures applied) nor the viscosity or density of the liquid phase, we prefer to use correlations which are not based on Reynolds numbers. Therefore, for this system, we propose to use the correlation 7 -1 for the calculation of Bo:
A parity plot of the observed Bodenstein number versus that calculated with this equation is shown in Fig. 9 . The broken lines in this diagram give the 20% deviation range from the calculated value. As follows from Fig. 9 ty of a general correlation for Bo for widely differing systems, covering a wide range of liquid and gas loadings, if right correlations can be found for system properties.
Hold-up
The same types of correlations as those adopted for the Bodenstein number were used for correlating the hold-up, see Table 6 . Table 8 . Hold-up correlations in order of ascending standard errors.
The constant in the right hand column of Table6 was altered from 0.5 to 0.365, the bed void fraction. Again, the parameters resulting in the best fit for E= were calculated and the correlations are arranged in the ascending order of standard errors. The best correlations are given in Table8. The 5 columns on the right again represent the calculated values of the parameters and the 95% confidence intervals as percentages of the parameter values. Again, correlations for which one or more confidence intervals exceeded 100% were not included in the selection. Non-convergent correlations were also excluded. It is apparent that, again, the correlations based on superficial velocity at reactor conditions yield the best results.
For the calculation of liquid hold-up, we propose the use of correlation 8-2 because of the small confidence intervals for the calculated parameters:
On account of its simplicity, the use of correlation 8 -1 could also have been considered: E~ = 0.341 U:s5a3 U&2°.'99 . Fig. 10 presents a rates during the experiments. Comparing Eqs (17) and (19), it is clear that E, depends more strongly on gas and liquid flow rates than Bo. Consequently, variations in the flow rates will have a greater effect on .cL than on Bo.
We can compare the correlation 8 -6 with that for the hold-up, given by Stiegel and Shah, see Table 1 . Although they defined the hold-up on the basis of the bed void fraction, we can still compare the coefficients for Re, and Re,. We find a much stronger dependence of E, on the liquid phase Reynolds number. This discrepancy may be attributed to the large differences between the flow rates of our experiments and theirs.
A parity plot of this correlation is shown in Fig. 11 . It is clear that the scatter of data is very extensive. The reason is that the calculated values of D, contain accumulated errors both in the values of Bo and of E,.
Conclusions
The WMM is more satisfactory than the OMM in the estimation of parameters for the plug flow with dispersion model. However, it is important to use a correct weighting factor for the WMM. Finding the optimum weighting factor requires a large computational effort, but produces very good estimates of the model parameters Pe and 7, resulting in a very small difference area between the theoretical and experimental response curves. The average value for AA was 0.024.
Although the parameters for each individual experiment could be estimated with a high degree of accuracy, the reproducibility of experiments was poor.
The best correlations for Bo and E, were obtained when the superficial velocities for the phases at reactor conditions were used. This implies that the reactor pressure influences both Bo and E~. The effect of pressure on the values of Bo and E, can be fully accounted for by using the linear gas velocity at the system pressure. Eq. (17) is proposed for Bo and Eq. (18) for E,, It was concluded that the axial dispersion coefficient depends only on gas velocity, again at reactor conditions. 
Axial Dispersion Coeficient
From the values calculated for Bo and E~ it is possible to calculate those for the axial dispersion coefficient Dax:
The correlations of Table 6 were used to express D, as a function of the velocities (ULs and UGs) or the Reynolds numbers (Re, and Re,). The coefficients for ULs or Re, showed very large confidence intervals. A statistical analysis of the data showed that there is practically no correlation between D,, and U,, or Re,. This is not surprising since the magnitude of D, for single phase liquid flow is of the order of 10-m2/s whereas for gas-liquid flow it is of the order of 10-4m2/s. Thus, it can be understood that the axial dispersion coefficient is almost exclusively influenced by the gas flow rate and that the influence of the liquid flow rate is practically negligible. A satisfactory correlation of D,, is found with the linear gas velocity resulting in:
in which a = 0.308 x lo4 with a 95%C1 of 9 % b = 0.313 with a 95%C1 of 25%. 
